1. Introduction {#se0010}
===============

Seismic anisotropy is defined as a directional dependence of seismic velocity. It is assumed that the upper mantle presents significant anisotropy ([@br0340]). This anisotropy is most probably due to a non-random distribution of crystallographic orientation of minerals in the olivine-rich ultramafic upper mantle rocks. The non-random distribution is known as lattice-preferred-orientation (LPO). The relation between the typical intrinsic anisotropy in the upper mantle and LPO, which is a result of the deformation, has been well-documented ([@br0020; @br0490; @br0320]). It is generally accepted that the anisotropy is due to deformation that either occurred at earlier times ("fossil deformation") or due to present tectonic activities ([@br0440], and references therein). In either case, the anisotropy can indicate the geometry of the flow. Therefore mapping seismic anisotropy can resolve the pattern of mantle flow in the asthenosphere as well as the fossil deformation pattern within the lithosphere, which has great importance for understanding the upper mantle geodynamics.

The simplest measure of upper mantle anisotropy is the shear-wave splitting, particularly using SKS core phases (e.g. [@br0540; @br0480; @br0310]) which have been studied extensively in recent years. Near-vertical incidence angles of SKS phases give good lateral resolution (i.e. 50 km, the radius of Fresnel zone at 150 km depth), since anisotropy is to be attributed to a steep ray path. However, the depth where the splitting occurs is less well-determined. Although the measuring procedure of shear-wave splitting is straightforward, the practical interpretation of measurements can be quite challenging.

In this study we first present the overall pattern of anisotropy, based on the average values of SKS splitting parameters, then we focus on the spatial changes of the individual measurements and we show striking lateral variations of anisotropy within the region. Later the backazimuthal variation of fast orientations is modeled by means of two anisotropic layers. Finally, using the results of two anisotropic layers modeling, together with some constraints from velocity tomography studies and the analysis of lithospheric thickness, we present a possible lithospheric and asthenospheric upper mantle structure for the Eastern Alps.

2. Tectonic setting {#se0020}
===================

The Alps are an arc-shaped double-verging mountain chain developed at the boundary between the Eurasian plate (to the North) and the Adriatic microplate (to the South). They are geographically divided into Southern, Eastern, Central, and Western Alps. Alpine tectonic history is deeply linked to that of the adjacent mountain chains as the Dinarides, the Carpathians and the Apennines. Palaeogeographic reconstructions suggest that in the area where the Alps are located today there was the Meliata Ocean in Triassic time, a marginal ocean basin of the neo-Thetis. In Late Triassic-Early Jurassic this ocean initiated subduction towards SE ([@br0280]); in the late Jurassic the opening of the Vardar Ocean took place in its backarc, and at the same time occurred the opening of the Piemont--Ligurian Ocean. During Cretaceous time, another ocean, the Valais, opened on top of the Piemont--Ligurian Ocean, in association with the opening of the Atlantic further to the West ([@br0170; @br0510]). About 80 Ma ago the Piemont--Ligurian Ocean started subducting below the Adriatic continental margin following the SE directed subduction initiated by Meliata. The contact between the Adriatic continental crust and the Piemont--Ligurian oceanic crust coincide with the geological boundary observed today between the Austroalpine units (in the Eastern Alps) and Penninic Units.

The continental collision between Europe and Adria started ∼35 Ma ago ([@br0190; @br0220]). The image we have today of the deep structure of the Alps is derived by the interpretation of tomographic images. The different regional models (i.e. [@br0300; @br0270; @br0350]) agree in identifying two lithospheric roots, one located below the Eastern Alps, and one located below the Central--Western Alps, separated between 12° and 13°E.

On the surface, geodetic data generally agree with a counterclockwise rotation of the Adriatic plate with respect to stable Europe around a pole in the western Alps (e.g. [@br0130; @br0370]). The CCW rotation of Adria leads to different deformation regimes along the Alpine arc, such as: compression in the Eastern Alps, dextral shear in the Central Alps and transtension or very slow deformation in the western Alps. This suggests that active deformation in the Alps (and in the neighboring Apennines and Dinarides) is controlled, and possibly dynamically driven, by the motion of the Adriatic microplate rather than by the convergence between Africa and Eurasia ([@br0360]). Vertical GPS ground motions show that the most elevated areas are uplifting while the adjacent sedimentary basins undergo subsidence ([@br0470]). Similar evidence is given by measured erosion rates along the Alpine arc. First of all there is a crucial difference between the European plate (undergoing erosion) and the Adriatic plate (undergoing deposition), suggesting a decoupling between the two plates ([@br0030]). Concerning the European side, the western Alps are characterized by high levels of erosion (\>0.6 km/My), while the Eastern Alps show lower erosion rates (∼0.06 km/My), with the exception of the Tauern Window area, where a rate of 0.3 km/My is reached ([@br0030]). The difference in erosion rate supports the hypothesis of slab brake-off below the western part of the Alps ([@br0090]).

3. Data and method {#se0030}
==================

The most frequently used method for constraining the anisotropy within the upper mantle is the shear-wave splitting method, which is based on birefringence, or splitting of the core shear-waves (SKS) into two orthogonally polarized quasi-phases. The splitting of teleseismic SKS phases has been largely used in order to constrain upper mantle anisotropy (e.g. [@br0540; @br0490; @br0330; @br0120; @br0040]). Two fundamental parameters can be measured through this method: the fast orientation azimuth (*ϕ*, angle between fast axis and radial direction) and the splitting delay between fast and slow polarizations (*δt*). Assuming that the upper mantle anisotropy is confined in one laterally uniform layer, the horizontal components of SKS phases can be analyzed in order to estimate the amount and symmetry orientations of the azimuthal anisotropy ([@br0530]). Several techniques are used to measure splitting parameters. The one used in this study is the transverse component minimization technique (SC) illustrated by [@br0490]. The application of this technique was performed by the use of the SplitLab package ([@br0580]).

The splitting parameters are retrieved by applying a grid-search over all possible values of *ϕ* and *δt*. The azimuth and delay that better remove the effect of splitting on the *T* component are those that describe the anisotropic parameters of the mantle beneath the recording station ([@br0580]). One example of splitting parameters measurement by the SC technique is illustrated in [supplementary Figs. S1a, S1b](#se0180){ref-type="sec"}. In most measurements we applied no filter to keep the complete frequency range in order to not loose part of the waveform energy and to prevent the dependence of measured splitting parameters on filtering.

Data collection for this study consisted of the teleseismic events with magnitude *Mw* greater than 6 occurring in epicentral distance range from 90° to 130° recorded by 33 stations of 5 permanent networks (see [Table 1](#tl0010){ref-type="table"} and [Fig. 1](#fg0010){ref-type="fig"}). We used data recorded by the Austrian broadband seismological network (OE) between 2002 and 2013. This network includes 12 permanent stations maintained by the Zentralanstalt für Meteorologie und Geodynamik (ZAMG, <http://www.zamg.ac.at>). Data from 13 broadband stations of the Slovenian seismic network (SL) recorded between 2005 and 2013 were included in this study, and accessed through the Observatories and Research Facilities for EUropean Seismology (ORFEUS) database (<http://www.orfeus-eu.org>). Data recorded between 2008 and 2012 were retrieved from one station of the Italian seismic network (IV) maintained by INGV (Istituto Nazionale di Geofisica e Vulcanologia). From the NE-Italian broadband network (NI, operated by OGS, Istituto Nazionale di Oceanografia e di Geofisica Sperimentale), events occurred between 2010 and 2011 recorded by at least two stations have been included. Events occurring between 2006 and 2011 and recorded by 5 stations of the South-Tyrol network (SI) have been included. Altogether 5845 SKS/SKKS phases recorded at all stations have been visually selected. Among these phases, we observed and measured the individual splitting parameters for 868 SKS/SKKS phases. All measurements were classified as "good", "fair", and "poor" splitting quality ([@br0050; @br0570]). When no significant energy on transverse components was recorded, the event was considered as displaying a "Null" orientation. 642 Null measurements were observed; out of this number of Nulls, we labeled 372 Null measurements as "good Null". [Supplementary Fig. S1c](#se0180){ref-type="sec"} shows an example of good Null measures.

4. Results {#se0040}
==========

4.1. Splitting parameters; average values {#se0050}
-----------------------------------------

Among 868 measured splitting parameter pairs (fast orientation and splitting delay) showing clear splitting of SKS phases, we selected 470 individual good quality pairs ([supplementary Table S2](#se0180){ref-type="sec"}). The calculated average value for each station over the good measurements is listed in [Table 1](#tl0010){ref-type="table"} as well as the number of total splitting measurements and the number of good splitting measurements. In order to have an estimate of dispersion of individual measurements around the obtained averages, the value of 95% confidence intervals (CI) were calculated. [Table 1](#tl0010){ref-type="table"} shows these values, where *ϕ*-error corresponds to the circular average fast azimuths, and *δt*-error to the average splitting delays. *ϕ*-error is ≤ 13° for 29 stations; the largest error value (±18°) was obtained for station JAVS. With the exception of KNDS, VISS, and GROS that show 0.32, 0.31, and 0.52 s respectively, the *δt*-errors are smaller than 0.30 s for all stations. The magnitude of errors indicates that there is a low spread of the individual measurements, so that the average of splitting parameters is a good approximation of overall azimuthal anisotropy beneath the stations and it can be considered and discussed as well for individual splitting measurements.

The average values of splitting pairs are displayed in [Fig. 2](#fg0020){ref-type="fig"}. The line\'s orientation presents the average fast orientation azimuth for each station and the line\'s length indicates the average splitting delay. The stations DAVA, FETA, RETA, WTTA, ABSI, ROSI, MOSI, and KOSI which are located in longitude range between 9°E and 12°E show fast azimuths at about N60° (azimuth from North). These azimuths are in good agreement with the results of previous studies for the Western Alps presented by [@br0040] and the Central Alps by [@br0290] (black lines in [Fig. 2](#fg0020){ref-type="fig"}). The NE--SW fast orientation detected for the western stations turns gradually to nearly East--West at the stations RISI, ABTA, CLUD, and ZOU2 (located at longitudes between 12°E and 13°E). The station FVI is an exception, with a fast azimuth oriented N72°. East--West fast orientation are detected for station KBA, JAVS and CEY as well ([Fig. 2](#fg0020){ref-type="fig"}). Further to the East, the fast orientations turn from E--W to NW--SE, where the fast azimuth are predominantly N115° oriented. This is observed for the stations located at longitudes greater than 13°E.

In a previous study ([@br0100]), we described the mountain chain-parallel anisotropy pattern in the upper mantle and discussed the rotation of fast orientation along the Alpine chain. The results of 21 further stations are added to the 12 stations used in that study. They clearly show the rotating pattern of fast orientation along the Alps previously described (seen in [Fig. 2](#fg0020){ref-type="fig"}). The amounts of average splitting delays are in the reported range by former studies ([@br0040; @br0290]). The largest splitting delays (larger than 1.0 s) with maximum value of 1.90 s at station CLUD, are observed for the stations located between 13°E and 14°E, southeast of the stations displaying the E--W oriented anisotropic fast azimuth.

4.2. Individual measurements {#se0060}
----------------------------

Assuming that the mantle anisotropy is confined in a single uniform layer with a horizontal symmetry axis, splitting parameters can be averaged among individual measurements retrieved at a single station ([@br0500]). Although the average values of fast orientation in this study have provided a reliable estimation for the overall anisotropic structures, the individual splitting parameters should be taken into account, allowing to inspect their variation in more detail. Among all measurements showing clear splitting, 470 were qualified as good in addition to 338 fair and 60 poor qualities.

[Fig. 3](#fg0030){ref-type="fig"} shows the good quality individual measurements. Individual fast azimuths at single stations, particularly for those stations located in the eastern part of the region (east of 12°), are grouped into two categories; therefore they are represented in different color. Fast azimuths displaying an angle smaller than 90° with respect to the North are shown in blue. Measurements obtained from stations situated in the western part of the study area show fast azimuth smaller than 90° from the North. The second category (shown by red lines) displays fast azimuth oriented at an angle greater than 90° from North; these orientations are observed east of 12°E ([Fig. 3](#fg0030){ref-type="fig"}). Few fast azimuth orientation greater than N90° (from North) are observed at stations located between 12° and 13°E, and by moving to the East the number of such oriented fast azimuths gets noticeably larger. According to the fast azimuth categories, we divide the region East and West of longitude 12°E (dashed line in [Fig. 3](#fg0030){ref-type="fig"}).

The spatial distribution of individual splitting delays is illustrated in [Fig. 4](#fg0040){ref-type="fig"}a. Different values are shown in three different colors. The largest values which are greater than 2.2 s, are localized around 12°E, 47°N and further to the southeast direction (orange lines in [Fig. 4](#fg0040){ref-type="fig"}a). A significant decline in splitting delay values is observed about 11°E longitude, in particular stations RETA, FETA, and MOSI ([Fig. 4](#fg0040){ref-type="fig"}a) show small values mostly less than 1 s.

5. Discussion {#se0070}
=============

5.1. Lateral change of anisotropy {#se0080}
---------------------------------

Since every individual measure is obtained from a single event, the variation of splitting parameters can be evaluated as: (i) variation in measured values from one teleseismic event recorded at nearby stations which refers to lateral change of anisotropy in the scale of distance between the stations, (ii) variation in measurements derived from events of different backazimuth at a single station ([@br0330]).

In our results, the individual splitting parameters from a single event, recorded at nearby stations, do not show systematic differences. Instead, the single events that show NE--SW fast orientation at the stations in the West, present NW--SE orientation at the stations in the east. [Fig. 4](#fg0040){ref-type="fig"}b shows examples of different fast azimuth obtained from same events. For instance, a single event (2002.285) recorded at MOA (in the East) exposes a fast azimuth of N111° which is different from fast azimuth N58°, recorded at DAVA (in the West). Although, stations do not show local variations, observing two categories of anisotropy pattern in the eastern and western part ([Fig. 3](#fg0030){ref-type="fig"}), and also considering the variation of anisotropy from singular events ([Fig. 4](#fg0040){ref-type="fig"}b) indicates a lateral variation of anisotropy, which is remarkable in a larger scale, extending from the Central to the Eastern Alps. Regarding this lateral change, we can consider a transition area in between (at about longitude of 12°E), where the dominant fast orientation changes. Along the Alpine belt, the average fast azimuths follow the mountain belt trend ([@br0040] for the western arc; [@br0290] along the TRANSALP profile in the Central Alps) and show a clear rotating pattern ([@br0100]) for the Central and Eastern Alps ([Fig. 2](#fg0020){ref-type="fig"}). The mentioned area of transition from individual measurements coincides with the location of the pattern change in average fast azimuth.

The good coverage of event backazimuths from N38° to N312° provides the possibility of assessing the variation of measurements with respect to event backazimuth. We projected all good measurements from their station locations down to 150 km depth, following the ray paths of the SK(K)S phases. [Fig. 4](#fg0040){ref-type="fig"}b shows the projection of fast orientations. There is no evidence of backazimuthal dependence in the western part of the study area, meaning that events coming from different backazimuth show the same anisotropic fast azimuth. On the other hand, in the eastern part of the region, fast orientation azimuth varies with event backazimuth. In this area, NE--SW fast orientations (shown in blue in [Fig. 4](#fg0040){ref-type="fig"}b), are mostly obtained from events with backazimuth of around N300°; events arriving from backazimuth about N60° and the opposite direction, give NW--SE fast orientation (e.g. station MOA in [Fig. 4](#fg0040){ref-type="fig"}b). This backazimuthal variation shows that there is clearly a lateral change of anisotropy.

However, the backazimuthal change can sometimes be related to vertical changes of anisotropy, e.g., multi-layer anisotropy or non-horizontal anisotropic layers.

5.2. Vertical changes; modeling of two anisotropic layers {#se0090}
---------------------------------------------------------

The shear-wave splitting method is performed by assuming the ray passing through an anisotropic medium with a hexagonal and horizontal symmetry axis. Splitting parameters, found under this simplified anisotropic single layer assumption and called apparent measurements, are supposed to be independent of initial polarization orientation (events\' backazimuth for the SKS phases) ([@br0500]). Observing any backazimuthal dependence in splitting parameters indicates that this single horizontal (hexagonal symmetry) is a simplistic assumption to characterize the anisotropy.

Backazimuthal variations might reveal the depth-dependence of anisotropy ([@br0500; @br0140]). This can be due to the effect of dipping symmetry axis on incoming rays thus showing 2*π* periodicity of splitting parameters as function of events\' backazimuth ([@br0500]). In another circumstance, the backazimuthal dependence can be an indicator that incoming shear-waves have been split more than once, which happens in the presence of multiple anisotropic layers. In such case, exposing $\pi/2$ periodicity of measurements in backazimuth suggests the presence of two anisotropic layers ([@br0500; @br0420]). With this intention, the periodicity of measurements was checked at the eastern and western stations separately, as shown in [Fig. 5](#fg0050){ref-type="fig"}. Single stations located in the eastern part ([Fig. 5](#fg0050){ref-type="fig"}) present $\pi/2$ periodicity as a function of backazimuth ([supplementary Figs. S3, S4](#se0180){ref-type="sec"}). An example (MYKA) in [Fig. 5](#fg0050){ref-type="fig"} clearly displays the $\pi/2$ periodicity at a single station. On the other hand, measurements obtained in the West (e.g. WTTA, [Fig. 5](#fg0050){ref-type="fig"}) do not show this periodicity. The same $\pi/2$ periodicity is recognized for all measurements obtained in eastern part the region ([Fig. 5](#fg0050){ref-type="fig"}) whereas this is not the case for the stations in the West ([Fig. 5](#fg0050){ref-type="fig"}).

Observed $\pi/2$ backazimuthal periodicity suggests the presence of two anisotropic layers in the eastern part of the study region. In order to model the two layers, we used the expression between splitting parameters of two anisotropic layers and measurements (apparent parameters), proposed by [@br0500]:$$\tan(\alpha_{a}) = \frac{a_{p\bot}^{2} + C_{s}^{2}}{a_{p\bot}a_{p} + C_{s}C_{c}}$$$$\tan(\theta_{a}) = \frac{a_{p\bot}}{C_{s}\cos(\alpha_{a}) - C_{c}\sin(\alpha_{a})} = \frac{C_{s}}{a_{p}\sin(\alpha_{a}) - a_{p\bot}\cos(\alpha_{a})}$$$$\quad a_{p} = \cos\theta_{1}\cos\theta_{2} - \sin\theta_{1}\sin\theta_{2}\cos(\alpha_{2} - \alpha_{1}),$$$$\quad a_{p\bot} = - \sin\theta_{1}\sin\theta_{2}\sin(\alpha_{2} - \alpha_{1}),$$$$C_{c} = \cos\theta_{1}\sin\theta_{2}\cos\alpha_{2} + \cos\theta_{2}\sin\theta_{1}\cos\alpha_{1},$$$$C_{s} = \cos\theta_{1}\sin\theta_{2}\sin\alpha_{2} + \cos\theta_{2}\sin\theta_{1}\sin\alpha_{1}$$ where, $\alpha_{1}$ and $\alpha_{2}$ are obtained from the difference between fast azimuth of upper/deeper layer and initial polarization (events backazimuth), and multiplied by 2. $\theta_{1}$ and $\theta_{2}$ are splitting delays of the two layers multiplied by the angular frequency (0.628 Rad/s) and divided by 2.

All possible models with fast orientations between 0 and N180° (at 10° interval) and splitting delay of 0--4 s (at 0.1 s interval) were created, which gave a total of 518 400 models for each station. We also tested the presence of two anisotropic layers by multi-station modeling. In this approach, all good-quality measurements of the stations showing $\pi/2$ periodicity were used in that modeling. However, we observed a poor model fit which was unacceptable in comparison with the results of the single-station approach. This can be due to the effect of the strong lateral change of anisotropy in the eastern Alps since multi-station modeling requires an assumption of no lateral variation. Therefore, the modeling process was individually performed for single stations. Minimization of the Chi-Square value has been used to calculate the fit to the model. The best fitting splitting parameters (*ϕ*-top, *δt*-top, *ϕ*-bot, and *δt*-bot) for upper and deeper anisotropic layers were chosen according to the minimum Chi-Sq. Coefficient of determination (adjusted R-square) was calculated at each station in order to quantify the quality of the best-fit models ([@br0550; @br0160]). Adjusted R-square takes the values between −∞ and 1. A two-layer model fits better than a one-layer model, giving values closer to 1 (see [Appendix B](#se0170){ref-type="sec"}). The two layers modeling results including the adjusted R-square values are summarized in [Table S1](#se0180){ref-type="sec"}. Anisotropic parameters of the upper layer (*ϕ*-top, *δ*-top) and deeper layer (*ϕ*-bot, and *δt*-bot) are presented for the stations involved in the modeling process.

As shown in [Fig. 6](#fg0060){ref-type="fig"}a, for the upper layer, most of the stations yield fast axes in NW--SE orientation. They are in agreement with the average fast azimuth of stations in the eastern part ([Fig. 2](#fg0020){ref-type="fig"}). The results indicate fast azimuths between N110° and N140° with the exception of KBA (90°) and RISI (160°). Moving to the East, the splitting delays for the upper anisotropic layer increase, reaching maximum values (1.7, 1.8 s) at SOKA and GROS respectively (KOGS marks an exception to this trend). The minimum splitting delay (0.4 s) is obtained for RISI which is situated at about 12°E.

Although the fast orientations for the deeper layer are not as tightly grouped as those for the upper layer, the overall pattern of modeled fast azimuth is in good agreement with the average measured values at the westernmost stations (black lines in [Fig. 6](#fg0060){ref-type="fig"}b). Stations located North of the Periadriatic lineament generally show similar fast azimuth (exception for MOA). On the other hand, stations in the Southern Alps (south of Periadriatic line) show a complicated pattern. This might indicate complex anisotropic structure in the southern part of the area. Splitting delays show a slight decrease towards the North and towards the South with respect to the Periadriatic lineament, we anyway do not consider meaningful the splitting delays variation for this deeper layer.

[Fig. 6](#fg0060){ref-type="fig"} (right panel) shows the three-dimensional spatial distribution of splitting delays of the two layers. The location of the stations involved in the modeling process is displayed in the upper horizontal plane. The vertical axes represent the amount of splitting delays for the anisotropic layers. The splitting delay gradient (from West to East) in the upper layer is clearly visible in the 3D spatial distribution. The maximum splitting delay in the deeper layer (2.1 s) is observed at station RISI, this station also displays the minimum splitting delay for the upper layer. In this situation, the strong effect of anisotropy due to the deeper layer might indicate the larger thickness of deeper structure in comparison with the smaller thickness and weak effect of the upper structure. According to the splitting delay distribution in the upper and deeper layer, we can draw an inclined boundary between these two layers as it is displayed by the dashed line in [Fig. 6](#fg0060){ref-type="fig"} (right panel), which would mark a wedge-shaped upper anisotropic layer on the top.

5.3. Anisotropy versus tomographic images {#se0100}
-----------------------------------------

Tomographic images of the eastern Alpine mantle highlight the presence of high-velocity bodies interpreted as the cold lithospheric slab ([@br0390; @br0300; @br0270; @br0350]). Along the Alps, the high-velocity anomaly nearly follows the trend of the mountain chain and is placed almost vertically. [Fig. 7](#fg0070){ref-type="fig"} shows horizontal depth slices of P-wave velocity anomalies at 150, 300, 510 km after [@br0350], and at 150, 240, 350 km after [@br0300]. The high-velocity bodies (blue areas in [Fig. 7](#fg0070){ref-type="fig"}, at 150 km) have been interpreted as southeastward-subduction of European slab in the West, and as northeastward subducting Adriatic slab in the East ([@br0300; @br0250]). In another hypothesis, the two high-velocity bodies in the West and in the East ([Fig. 7](#fg0070){ref-type="fig"}, at 150 km) have been interpreted and related to nearly vertical southward-subducting European slab ([@br0350; @br0110]). In addition to these two regional-scale models, the upper mantle structure of the European--Mediterranean area has also been imaged by tomography from [@br0390] and [@br0270]. Depth slices through the velocity models of these studies at 150, 300, 500 km are also shown in [Fig. 7](#fg0070){ref-type="fig"}.

To compare velocity anomalies and the anisotropy pattern retrieved in this study, the depth projections of individual measurements are superimposed on the tomography sections at 150 km for all models as shown in [Fig. 7](#fg0070){ref-type="fig"}. The NE--SW fast orientation at longitudes less than ∼12°E cannot be related to the high-velocity anomaly alone (cold lithospheric slab) since we observed the same fast orientation outside of the high-velocity body. For the measurements in the eastern part, there is no considerable match of fast orientation neither with the high-velocity nor to the low-velocity anomalies.

Although we cannot directly attribute the anisotropy pattern to the high/low-velocity anomalies, we instead focus on the trend of high-velocity body in comparison to the results of the two anisotropic layers modeling ([Fig. 6](#fg0060){ref-type="fig"}). In both [@br0300] and [@br0350] models, further at depth, the high-velocity anomalies move ENE-ward to Eastward, revealing a steeply down-going cold slab, with tendency to follow the Alps--Carpathian trend. This down-going body is observed in [@br0300] velocity model only down to about 250 km depth while in [@br0350] model it is reaches 510 km depth.

[@br0390] and [@br0270] show similar velocity structures for the upper mantle ([Fig. 7](#fg0070){ref-type="fig"}) in which the positive velocity anomalies in the Eastern Alps have been observed at 150 km depth and steeply extend down to the East reaching the depth of 500 km. A slab graveyard has been suggested at a depth ≥500 km almost covering the whole area beneath the Alpine--Mediterranean region.

5.4. Origin of the anisotropy {#se0110}
-----------------------------

The spatial variation of velocity anomalies from tomographic models together with geophysical and petrofabric findings are employed here in order to constrain depth and origin of the two anisotropic layers.

[Fig. 8](#fg0080){ref-type="fig"} displays an East--West cross-section through the velocity anomalies from the tomography model of [@br0350], together with the location of this profile on the 150 km depth slice ([Fig. 8](#fg0080){ref-type="fig"}, top). On the E--W cross-section, the steeply eastward-dipping lithosphere, and the area consisting of low-velocity anomaly on the right-hand side of the dipping slab can be seen. The tapered low-velocity zone is reminiscent of the wedge-shaped distribution of splitting delays of the upper layer ([Fig. 6](#fg0060){ref-type="fig"}). The correspondence of this low-velocity zone with the geometry of the upper layer can be evaluated by tracing the rays, which reach the stations located on the selected E--W profile. [Fig. 8](#fg0080){ref-type="fig"} shows the ray paths, plotted according to the relevant events backazimuth and incidence angles. The events recorded at the station located above the low-velocity zone (SOKA) should mostly sample this area of low velocity. On the other side, the events collected at ABTA should mostly sample the high-velocity zone ([Fig. 8](#fg0080){ref-type="fig"}). Measurements from these two stations are in good agreement with what we expect from the geometry of velocity anomalies. Dominant fast azimuth are NW--SE oriented for SOKA and mostly NE--SW orientation at ABTA ([Fig. 8](#fg0080){ref-type="fig"}, top), indicating a noticeable difference in anisotropy structure between down-going lithosphere and the low-velocity zone.

In addition, we can also compare with lithospheric thickness estimates in the region to address the origin of anisotropic structure. It has been shown that crustal (lithospheric) thickness decreases from 50 (170--200) km at the eastern end of Tauern Window to 25 (60) km at the easternmost part of the Alps ([@br0410; @br0180], and reference therein) along the mountain chain, over a distance of 200 km. This is in agreement with the lithosphere--asthenosphere boundary (LAB) depth derived by receiver function analysis, which is mostly less than 100 km with an average of 70 km for the Eastern Alps ([@br0070; @br0240], and reference therein). For instance, the LAB depth is estimated 98 km at ABTA and 70 km at SOKA ([@br0070]). Therefore, the negative gradient of lithospheric thickness toward the East displays an opposite trend with respect to the positive gradient of splitting delays of the upper anisotropic layer ([Fig. 6](#fg0060){ref-type="fig"}).

Moreover, experimental mineral physics findings derived from upper mantle rock samples suggest an anisotropy of 3--5% in the mantle ([@br0060; @br0320; @br0040]). Taking this magnitude into consideration and the amount of splitting delays of the upper layer, an anisotropic structure ∼50 km thick (at RISI) and ∼200 km (at GROS, [Fig. 6](#fg0060){ref-type="fig"}) is required for the western and eastern end of the upper layer respectively. Consequently, based on crustal and LAB depths under the Eastern Alps, the lithospheric mantle is not thick enough to represent the observed upper anisotropic layer.

Beside that argument, the results of recent shear-wave-splitting analyses ([@br0520; @br0400]) showed that the NW--SE fast anisotropic orientation is not restricted to beneath the Eastern Alps only, but is also widely observed within the Carpathian--Pannonian region. This anisotropy pattern spreads in a wide area from the western margin of the Eastern Alps (∼12°E) to the easternmost part of the Pannonian basin (∼23°E). Over these areas, the rigid lithosphere might have undergone different tectonic events, which has led to changes in the fossil anisotropy within the lithosphere. It is thus unlikely that the anisotropy has the same lithospheric-origin over a distance of 1300 km. Hence, an asthenospheric origin is most probable.

### 5.4.1. Upper anisotropic layer {#se0120}

The upper layer exposes an anisotropic pattern that is NW--SE oriented, with a mean fast azimuth of N118°. This orientation does not follow the trend of the Alpine mountain chain, which is in contrast to the belt-parallel anisotropy that we expect in such a subduction-associated mountain chain, e.g. the Western Alps. Since also the splitting delay is too large to be explained by the lithosphere alone, as described above, sub-lithospheric materials beneath the thin lithosphere likely cause this anisotropy pattern. Therefore we attribute the upper anisotropic layer to an asthenospheric flow, which is oriented NW--SE ([Fig. 9](#fg0090){ref-type="fig"}).

### 5.4.2. Deeper anisotropic layer {#se0130}

The deeper layer with anisotropic fast orientation of SW--NE (overall azimuth N75°) is in good agreement with the anisotropy detected under the Central Alps ([Figs. 2 and 6](#fg0020 fg0060){ref-type="fig"}). We relate the deeper anisotropic layer to a lithospheric origin as a detached slab beneath the Eastern Alps ([Fig. 9](#fg0090){ref-type="fig"}). This anisotropy is remarkably similar to the anisotropy pattern of the Central Alps, which follows the Alpine chain. The deeper anisotropic layer may thus represent the same lithospheric layer found in the West and Central Alps therefore we suggest a detached slab is originated from the European (EU) slab. This can be part of the Alpine--Tethys lithosphere (Penninic ocean) ([@br0350; @br0110]).

By considering about 200 km thickness for the upper layer at GROS in addition to 70 km lithospheric thickness, the deeper layer would begin at a depth of about 270 km which is comparable to already proposed detached slab models that place it at more than 300 km depths ([@br0380]). The detached slab may have started to break-off at about 29 Ma ([@br0460]) and it might still be connected to the EU slab at about 300 km depth. It also may connect to the slab graveyard under the Eastern Alps and the Carpathian--Pannonian region, which has already been observed ([@br0080; @br0390; @br0270]).

### 5.4.3. Western part, 9°E to 12°E {#se0140}

The western portion of the Eastern Alps shows a simpler anisotropy pattern, which was not included in the process of two layers modeling. Further to the West, at the western arc of the Alps there is a good correlation (at large scale) between anisotropy, the high-velocity zones (tomographic images), Bouguer gravity anomalies, and the topographic feature of the mountains. These might reflect the lithospheric origin of anisotropy ([@br0040]). However, to explain the large splitting delays in that area, it has been suggested that anisotropy in the Western and Central Alps may be due to asthenospheric flow that turns around the subducting EU lithosphere ([@br0040; @br0430]). Such upper mantle flow around the subducting slab was also suggested in the subduction rollback model (e.g. [@br0200; @br0380]).

Similarly, in the western portion of the Eastern Alps, a deep EU slab can be associated with anisotropy due to stored deformation from past episodes of the tectonic evolution. Mountain-chain-parallel anisotropy in this region is also a signature for a strong contribution of lithospheric fabric. In the area between 9° and 12°E in which ∼N60° average fast azimuth is measured, comparison with tomographic images shows that the stations located inside and outside of the high-velocity regions (cold slab) (see [Fig. 7](#fg0070){ref-type="fig"}) present similar fast orientations. This indicates that SKS rays have sampled both cold lithosphere and the warmer materials around (low-velocity anomalies), suggesting a correlation between frozen-in anisotropy in the lithosphere and asthenospheric flow, which have similar orientation. There is a coherence of upper mantle flow and lithospheric alignments until longitude of 12°E, in which fast azimuths are in the range of N60°--N70° ([Fig. 2](#fg0020){ref-type="fig"}).

To test the possibility of plate-motion-related flow, we consider the direction of plate motion. For the European plate it is in a direction of N240° with respect to the hotspot reference frame (HS3-NUVEL-1A plate model, [@br0210]). This motion may be associated very well to upper mantle flow (e.g. [@br0040]). Since the fast axis azimuth in the Central Alps is NE--SW oriented, there is a good fit with the plate motion direction and orientation of the anisotropy.

Therefore, in addition to a lithospheric origin for the western portion of the Eastern Alps, we attribute the anisotropy also to asthenospheric flow. This argument is stronger for the northern margin of the mountain chain in which most measurements are located to the North of the high-velocity body ([Fig. 7](#fg0070){ref-type="fig"}). In the southern margin, although we do not have any measurements to the South of the EU lithospheric slab (high-velocity regions, [Fig. 7](#fg0070){ref-type="fig"}), the station averages of fast axis azimuth ([@br0430]), show the azimuth of N30° to N53° ([Fig. 2](#fg0020){ref-type="fig"}) that are close to our results and to the movement direction of EU plate as well. This suggests that part of the observed anisotropy in this region is due to upper mantle flow surrounding the down-going lithospheric slab. However, in this area, is unclear how much of this anisotropy was caused by past lithospheric deformation and how much by present-day dynamic processes in the asthenosphere.

The schematic [Fig. 9](#fg0090){ref-type="fig"} illustrates the suggested interpretation for the Eastern Alps. The attached sub-vertical subduction of the European slab is suggested until about 12°E, in the center of the Tauern Window region. The subducting EU slab starts to detach at about 12°E. The asthenosphere materials thus flow into the wedge-shaped space under the Eastern Alps which extends to the East. The deep detached slab, which might be still connected to the subducting slab, is steeply down-going to reach the slab graveyard under the Eastern Alps and the Carpathian--Pannonian region. The detachment may be caused by the difference in the sinking rates along the subducting plate between deep and shallow part of the slab. This can be due to differences in densities showing different origin of the slabs (e.g. oceanic and continental lithosphere).

The asthenospheric flow above the detached slab is NW--SE oriented. This upper mantle flow might be explained by a corner flow above a subducting slab, with flow direction normal to the strike of the slab (e.g. [@br0150]), which gives trench-perpendicular anisotropy. However, fluid dynamic modeling has shown that the curvature of the slab can impose trench-parallel mantle wedge flow in the arc and trench-perpendicular flow on the flat slab, which is controlled by three-dimensional changes in the slab geometry ([@br0260; @br0230]). Such changes from trench-parallel to trench-perpendicular anisotropy also have been suggested by shear-wave splitting observations ([@br0010; @br0260]).

Although the SKS measurements in the western arc of the Alps show parallelism between anisotropy and the curvature of the slab ([@br0040; @br0100]), the measurements of anisotropy in the Eastern Alps (which is analogous to the flat slab) are oriented at an angle of 30° to 50° with respect to the strike of the EU subducting slab (the North Alpine thrust). The deviation of anisotropy from trench-perpendicular direction might be due to the geometry of the slab detachment in this area where there is a gap between lithosphere on the top and the detached slab on the bottom. The flow may be induced by compensation of the mass lack due to slab detachment in order to fill the gap in between.

6. Conclusions {#se0150}
==============

Upper mantle anisotropic structure under the Eastern Alps has been investigated using SK(K)S splitting measurements. We have shown that while the average values of fast orientations show clear mountain-parallel anisotropy pattern for the Western Alps, this pattern clearly breaks down in the Eastern Alps. Individual measurements at single stations provided an image of lateral changes of anisotropy with a transition area occurring at the same location as the overall pattern is broken. The backazimuthal variations of fast orientations have been modeled as vertical changes in order to assess the depth sources of anisotropy. The results suggest the presence of two anisotropic layers under the Eastern Alps. By analogy between these results and the tomographic images, a possible origin of upper mantle anisotropy is presented as: (1) beneath the Eastern Alps, the deeper layer with NE--SW fast orientation, is characterized by a detached slab of European origin. (2) We attribute the upper layer to the asthenospheric flow with NW--SE orientation which is above the detached slab and below thin lithosphere. The flow can be induced by corner flow at the subduction wedge resulting trench-perpendicular fast orientation pattern. However the deviation of the NW--SE flow orientation from trench-normal direction may possibly be due to variation in the slab geometry which causes the slab detachment. (3) The measurements at the western part of the Eastern Alps show a simple pattern of anisotropy with NE--SW fast orientation, similar to the pattern of the deeper layer. In this area, the lithospheric alignments and sub-lithospheric material flow are aligned in the same direction.

Appendix A. Null measurements {#se0160}
=============================

In the process of attempting to optimize the splitting parameters by minimizing the amplitudes on the transverse component, we sometimes observe no significant energy on it. In this case, a "Null" orientation is defined, and the shear-wave does not split to quasi phases as fast and slow polarizations ([@br0440]). We can extract useful information by the employment of "Null" measures, in order to determine which fast orientations cause the absence of energy in the transverse component. Null orientations can be retrieved in two cases: first, the SKS ray sampled an isotropic structure while traveling through upper mantle; second, the backazimuth of the SKS ray is nearly coincident with the fast or with the slow anisotropy orientation, that means that the initial polarization of the ray is parallel (or almost parallel) to one of the anisotropy axes. In this study we recorded 642 Null measurements of which 372 showed a total polarization on their radial plan (no energy on transverse components). In order to explore the Null orientation variations (green lines in [supplementary Fig. S2](#se0180){ref-type="sec"}) in more detail, we use group-averages of individual measures, which are calculated over a group of measurements showing resembling fast azimuth for each station (as in the two categories mentioned in the text).

[Supplementary Fig. S2](#se0180){ref-type="sec"} shows the Null orientations together with the group-averages. In a similar fashion as in [Fig. 3](#fg0030){ref-type="fig"}, the "Null" azimuth displaying (clockwise) an angle smaller and greater than 90° with respect to the North, are plotted in blue and red respectively. Indeed for the western stations one average is displayed, while for the eastern stations two average orientations are shown. As for the fast azimuths we highlighted duplex orientations in most stations placed in the east of longitude 12°E, Null measurements in this area show four small ranges of backazimuths for some stations (e.g. MOA in [supplementary Fig. S2](#se0180){ref-type="sec"} were they are represented by filled and non-filled arrows respectively). This can be related to two fast and two slow anisotropy orientations at these stations. Some stations (i.e. KBA, ARSA, OBKA) give Nulls in two groups of backazimuthal ranges, which can be related to either two fast orientations or single fast and single slow orientations. On the other hand, the stations positioned to the west of 12°E, mainly give one single fast orientation pattern. This group of stations displays Null measurements mostly in agreement with the derived fast azimuths (e.g. DAVA, [supplementary Fig. S2](#se0180){ref-type="sec"}). For some stations (e.g. DOBS, ROSI) we could measure only few "good Nulls".

Appendix B. Chi-square and R-square {#se0170}
===================================

Chi-square calculation is utilized to evaluate the goodness of fit between observational and theoretical measurements. It is the sum of the squares of residuals (vertical distance between the observations and calculations) for each parameter. Modeling the presence of two anisotropic layers is a non-linear regression to find the best-fit model that explains the observational measurements. All possible values for two splitting parameters of each layer (4 in total) are tested. The most likely best-fit values are found by minimizing the Chi-square, which is the summation of the Chi-squares of $\phi,\delta t$, each weighted by the error of the observations ([@br0330; @br0550; @br0160; @br0430]).$$X^{2} = X_{\phi}^{2} + X_{\delta t}^{2}$$ where $X_{\phi}^{2} = \sum\frac{{(\phi_{o} - \phi_{p})}^{2}}{\sigma_{\phi}^{2}}$, and $X_{\delta t}^{2} = \sum\frac{{(\delta t_{o} - \delta t_{p})}^{2}}{\sigma_{\delta t}^{2}}$.

To address the question How do we know the best-fit two layers model explain better the observations than one layer model? The coefficient of determination (R-square) is a convenient measure that quantifies the quality of the results ([@br0560]).$$R^{2} = 1 - \frac{\mathit{SSd}}{\mathit{SSo}}$$$$\mathit{SSd} = X^{2} = \sum\left\lbrack \frac{{(\phi_{o} - \phi_{2\mathit{layer}})}^{2}}{\sigma_{\phi}^{2}} + \frac{{(\delta t_{o} - \delta t_{2\mathit{layer}})}^{2}}{\sigma_{\delta t}^{2}} \right\rbrack,$$$$\mathit{SSo} = \sum\left\lbrack \frac{{(\phi_{o} - \phi_{1\mathit{layer}})}^{2}}{\sigma_{\phi}^{2}} + \frac{{(\delta t_{o} - \delta t_{1\mathit{layer}})}^{2}}{\sigma_{\delta t}^{2}} \right\rbrack$$ SSd and SSo are the sum of the squares of residuals for two-layer and one-layer model respectively. We measured the "adjusted R-square" values ([@br0550; @br0160]) for the best-fit model of each station, which are also listed in [supplementary Table S1](#se0180){ref-type="sec"}.$$R_{adjusted}^{2} = 1 - \frac{(N - 1)(1 - R^{2})}{(N - k - 1)}$$ where *N* is the number of data (i.e. two times of number of good measurements at each station), and *K* is the number of parameters (i.e. 4 parameters). The adjusted R-square value is in a range from −∞ to 1. The value closer to 1 indicates that the observational measurements at a given station are a better representative of two layers model beneath this station than a single layer model.

Appendix C. Supplementary material {#se0180}
==================================

The following is the Supplementary material related to this article.Fig. S1Examples of SKS splitting measurements obtained by the minimum energy (SC) technique using SplitLab package at stations (a) DAVA and (b) SOKA (c) example of Null measurements for FETA. No filter was applied on the waveforms. In (a), (b), (c), the left panels show the horizontal (radial-dashed, transverse-solid) components, in the middle panel fast and corrected time-matched slow (solid and dashed) components of the SKS wave, and the right panel the horizontal particle motion before (dashed) and after (continuous) anisotropy correction. In the case of Null, the initial and corrected particle motions are linear.Fig. S2Green lines show Null orientations. At each station, Null orientations can be separated into few groups of backazimuth, which might result from either fast or slow orientations. Red and blue lines at each station represent the group-averages of individual (non-Null) measures. For station MOA, the two groups of Nulls have been outlined by filled and empty arrows. Dashed line as in [Fig. 3](#fg0030){ref-type="fig"}.Fig. S3Variation of anisotropic fast orientation as function of event backazimuth. Black circles show the azimuth of the fast axes orientations. *π*/2 periodicity can be observed for the measurements at the most of the stations located at the east of the region (KBA, MOA, CONA, ARSA, SOKA, OBKA, MYKA, PERS, KOGS, GROS, DOBS, LJU, ROBS, CRES, RISI, ABTA, CEY). Dashed lines represent theoretical *π*/2 periodicity based on the horizontal (backazimuth) and vertical (fast orientation) axes which are in range from 0 to 180°. Stations situated at the west mostly do not show this periodicity (DAVA, RETA, FETA, MOSI, WTTA, ROSI, ABSI, KOSI). Fast orientation (vertical axis) and backazimuth (horizontal axis) are plotted in the scale of 0--180°. Connected lines between the angles with *π*/2 difference on the vertical and horizontal axes, represent *π*/2 periodicity (dashed lines). We used this approach as a pre-assessment of *π*/2 periodicity before trying to find the best-fit two layers model for each station.Fig. S4Variation of splitting delay times as function of event backazimuth for 16 stations which were involved into the single station modeling. Red stars show the splitting delay time (sec) and blue curves represent *π*/2 periodicity from best-fit splitting parameters of two layers at the respective station.Table S1Two-layer modeling results. Fast axis azimuth (*ϕ*-top) and splitting delay (*δt*-top) of the upper anisotropic layer. *ϕ*-bot, and *δt*-bot are the parameters of the deeper anisotropic layer. Adjusted coefficient of determination (*R*-square) values are also listed together with the number of data used in the modeling process at each station. For the procedure yielding them, see the text and [Appendix B](#se0170){ref-type="sec"}.Table S2Individual shear-wave splitting parameters (470 individual good-quality measurements).
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![Map of the study area. Tectonic superunits, as described in the legend, are shown according to their presumed palaeogeographic origin (after [@br0450], N. Froitzheim, Geology of the Alps, <http://www.steinmann.uni-bonn.de>). Labels are as in the following: Western Alps (WA), Central Alps (CA), Eastern Alps (EA), Southern Alps (SA), Dinarides (DIN), Apennines (AP), Carpathians (CARP), Bohemian Massif (BM), Vienna Basin (VB), Styria Basin (SB), Molasse Basin (MB), Po Plain (PO), Periadriatic Line (PAL), Insubric Line (IL), Salzach--Ennstal--Mariazell--Puchberg fault (SEMP). Locations of broadband stations used for SKS splitting analysis are shown. Red triangles for the Austrian broadband seismological network (OE); blue triangles for the Slovenian seismic network (SL); cyan for the Italian seismic networks: Istituto Nazionale di Geofisica e Vulcanologia (IV), NE-Italian broadband network (NI), and South-Tyrolian network (SI). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)](gr001){#fg0010}

![Map of average SKS splitting parameters calculated over the good quality measurements. Thick white lines represent average fast orientation (*ϕ*) at each station from this study and [@br0100]. Splitting delays (*δt*) are shown by the length of the line (see scale on lower left). Black lines display measurements from previous studies ([@br0040; @br0290]), and stations located in the Southern Alps and Po-plain, marked by triangles, [@br0430]. For discussion see the text. (For interpretation of the colors in this figure, the reader is referred to the web version of this article.)](gr002){#fg0020}

![Good quality individual splitting parameters obtained in this study. The stations show two fast orientation categories (in different colors). Fast axes with azimuths smaller than 90° with respect to North are shown in blue, red for azimuth larger than N90° (mostly obtained for stations located in the eastern part of the study area). The dashed line (at about 12°E) separates the region according to the fast azimuth categories. Brown lines show main tectonic faults (Geological Map of Austria, edited by the Geological Survey of Austria (GBA), 1999, Vienna). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)](gr003){#fg0030}

![(a) Individual fast orientations projected along the ray paths down to 150 km depth, colored according to the splitting delay. Largest values (greater than 2.2 s) are observed in the general area along the Periadriatic lineament (black line) and to the south of it. Black circles indicate the three stations that give the smallest splitting delays. (b) Map of backazimuthal variation of measurements. Individual measurements are projected back to 150 km depth. In the eastern part, events from backazimuths around N60° and the opposite direction (∼N240°) show NW--SE fast orientations (red lines). Events from backazimuths around N300° show NE--SW orientations (blue lines). No backazimuthal variation is observed in the western part. Insets represent a zoom of measurements at MOA and DAVA, showing in several examples how the same event can give rise to different fast orientations at different stations. Fast azimuths measured from three events recorded at MOA (in the East) show N111°, N122°, and N112° while measurements from the same events recorded at DAVA (in the West) show fast azimuths at N58°, N65°, and N54° (small table). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)](gr004){#fg0040}

![Periodicity of fast orientations as function of event backazimuth. (a) Measurements shown at the stations in the eastern part. (a1) A single station as example, MYKA, of *π*/2 periodicity. (a2) All measurements obtained at stations in the eastern part of the study area, showing *π*/2 periodicity. (b) Measurements obtained from the stations in the West do not show *π*/2 periodicity neither at the single station (b1, WTTA) nor for all measurements in this area (b2). (c) Theoretical distribution of apparent splitting parameters from the best-fit two layers model for MYKA. Black circles are the good quality measurements used in the modeling process. Top and bottom panel show fast axis orientation and delay time respectively.](gr005){#fg0050}

![Left panels: Maps of splitting parameters for the two anisotropic layers. (a) Fast axis azimuths of the upper layer are shown by the orientation of the red lines, with lengths of lines showing the relevant splitting delays. (b) Deeper layer (blue lines). Right panel; Three-dimensional spatial distribution of splitting delays for the upper layer (red bars) and the deeper layer (blue bars). Station location is shown in the horizontal plane. Vertical axes display the amount of splitting delays. Dashed line marks the possibility of an inclined interface between the upper and deeper anisotropic layers. Considering anisotropy magnitude of 3--5% and 1.8 s splitting delay, result in an anisotropic path (layer thickness) of about 200 km at stations GROS and SOKA (right panel, and [Fig. 2](#fg0020){ref-type="fig"}). The anisotropic path can be estimated using $D = \frac{v_{s}^{2}dt}{dv} = \frac{v_{s}dt}{\delta v}$, where $v_{s}$ is shear-wave velocity, $\delta v = \frac{dv}{v}$ represents the magnitude of anisotropy, and *dt* is the amount of delay time. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)](gr006){#fg0060}

![Tomographic depth slices after [@br0350], at 150, 300, and 510 km depth, [@br0300] at 150, 240, and 350 km, after [@br0270], at 150, 310, and 510 km, and [@br0390] at 150, 300, and 500 km depth. Projections at 150 km depth of individual splitting measurements are superimposed on the tomography depth slices for all models. EU plate motion (N240°) with respect to hotspot reference frame (HS3-NUVEL-1A plate model, [@br0210]), is shown by black--white double arrow. Black contours are topography in 700 m elevation showing the trend of orogenic belts. Coincidence of the trend of Alpine and Dinaride mountain chains with the high-velocity anomalies can be seen at 150 km depth slices. For comparison, the box used in the two models on the left is reproduced on the right panels. (For interpretation of the colors in this figure, the reader is referred to the web version of this article.)](gr007){#fg0070}

![Horizontal and vertical cross-sections through the velocity anomalies of [@br0350]. Top: Depth slice (horizontal) at 150 km depth. Projected measurements at ABTA and SOKA together with the station locations are illustrated on the depth slice. Fast axis azimuths measured at ABTA mostly are smaller than N90° (blue lines) while the measurements from SOKA dominantly display NW--SE orientation (red lines). Bottom: E--W cross-section (vertical) through the velocity anomalies. Two stations located above the high-velocity (ABTA) and low-velocity body (SOKA) are shown. Rays coming to these stations are plotted according to their relevant backazimuths and incidence angles. Lithosphere--asthenosphere boundary (LAB) from receiver function analysis [@br0070] is shown by thick dashed lines. An inclined interface (dashed line) can be considered between the eastward down-going high-velocity body and low-velocity zone, likewise between the deeper and upper anisotropic layers ([Fig. 6](#fg0060){ref-type="fig"}). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)](gr008){#fg0080}

![Schematic figure of the upper mantle structures of the Eastern Alps based on the presence of two layers of anisotropy. The deeper layer with NE--SW fast orientations of anisotropic axes is interpreted as a detached slab of European origin which may connect with the lithosphere under the western part of the Eastern Alps and possibly to the large-scale slab graveyard beneath the Carpathian--Pannonian region. The upper layer, located between the detached slab at the bottom of the thin lithosphere, with NW--SE fast orientations shows similar geometry with the low-velocity area under the Eastern Alps ([Fig. 8](#fg0080){ref-type="fig"}). The layer is attributed to the asthenospheric flow above the detached slab with NW--SE orientation.](gr009){#fg0090}

###### 

List of stations and networks used in the study as well as average fast orientations and splitting delays including their corresponding error. Number of splitting measurements (SM) and good quality splitting (GS) are listed together with the number of Null measurements (NM) and good quality Nulls (GN). See [Appendix A](#se0160){ref-type="sec"} for Nulls.

  Station   Net   Lon (°E)   Lat (°N)   *ϕ* (°)   *ϕ*-error   *δt* (s)   *δt*-error   SM   GS   NM   GN
  --------- ----- ---------- ---------- --------- ----------- ---------- ------------ ---- ---- ---- ----
  ABTA      OE    12.5123    46.7474    85        11          1.26       0.28         17   9    12   7
  ARSA      OE    15.5230    47.2505    110       14          1.27       0.19         66   13   87   49
  CONA      OE    15.8618    47.9282    118       10          1.01       0.14         42   15   34   15
  DAVA      OE    09.8803    47.2867    56        5           1.35       0.11         36   20   33   25
  FETA      OE    10.7291    47.0211    63        12          0.97       0.15         26   10   47   21
  KBA       OE    13.3447    47.0784    92        10          1.11       0.15         27   16   22   14
  MOA       OE    14.2659    47.8495    108       4           1.12       0.13         59   35   56   29
  MYKA      OE    13.6416    46.6299    98        6           1.38       0.17         47   31   9    6
  OBKA      OE    14.5489    46.5092    118       4           1.47       0.12         85   47   16   11
  RETA      OE    10.7623    47.4871    50        6           0.82       0.10         19   13   25   13
  SOKA      OE    15.0327    46.6780    122       5           1.16       0.14         33   23   15   7
  WTTA      OE    11.6363    47.2638    68        7           1.55       0.27         28   11   61   25
  CADS      SL    13.7370    46.2280    74        --          1.20       --           12   1    12   10
  CEY       SL    14.4267    45.7388    90        5           1.10       0.13         11   6    22   13
  CRES      SL    15.4578    45.8260    125       6           1.05       0.18         32   26   20   14
  DOBS      SL    15.4691    46.1495    110       7           1.24       0.16         27   24   3    2
  GORS      SL    13.3999    46.3170    108       10          1.38       0.52         12   5    1    1
  GROS      SL    15.5017    46.4608    117       6           1.26       0.19         14   10   7    4
  JAVS      SL    14.0643    45.8934    92        18          1.09       0.25         22   12   15   13
  KNDS      SL    14.3775    45.5276    71        16          0.70       0.32         11   5    17   13
  KOGS      SL    16.2503    46.4481    98        4           1.35       0.11         29   22   12   7
  LJU       SL    14.5278    46.0438    112       13          1.13       0.21         26   14   20   19
  PERS      SL    15.1139    46.6365    124       4           1.05       0.08         28   17   4    3
  ROBS      SL    13.5103    46.2450    115       17          1.37       0.29         17   9    4    3
  VISS      SL    14.8383    45.8029    112       11          1.65       0.33         9    4    19   13
  FVI       IV    12.7804    46.5966    72        7           1.62       0.11         19   11   8    5
  CLUD      NI    12.8814    46.4569    82        --          1.90       --           5    1    4    4
  ZOU2      NI    12.9729    46.5584    86        10          1.53       0.14         21   11   8    4
  ABSI      SI    11.3200    46.7300    52        7           1.59       0.18         14   7    9    4
  RISI      SI    12.0800    46.9500    78        12          1.70       0.26         18   16   17   9
  ROSI      SI    11.4100    46.9300    63        10          1.75       0.24         26   6    7    1
  MOSI      SI    10.5500    46.6200    50        9           0.82       0.12         14   6    11   6
  KOSI      SI    11.3800    46.4600    44        4           1.29       0.08         17   14   6    3
